Iron-catalyzed highly regio-and enantioselective organic transformations with generality and broad substrate scope have profound applications in modern synthetic chemistry; an example is herein described based on cis-Fe II complexes having metal-and ligand-centered chirality. The cis-b Fe II (N 4 
Introduction
The development of highly enantioselective metal-catalyzed reactions usually relies on the design of robust ligand scaffolds containing tetrahedral chiral, axial chiral or planar chiral centers positioned close to the metal ion for effective stereodifferentiation of incoming/coordinated substrate(s). Recently, Meggers and co-workers reported that optically active complexes with metal-centered chirality including iron complexes are potent catalysts for enantioselective organic transformation reactions. 1 A challenge in developing these complexes for asymmetric catalysis, particularly over rst-row transition metal complexes that are relatively substitutionally labile, is the potential racemization of the stereogenic metal center. 2b In this regard, the use of multidentate ligands such as the tetradentate N 4 ligands used in this work could make the resulting complexes more congurationally stable. 2a,c Acyclic tetradentate ligands form stable octahedral complexes with three possible topologies: trans, cis-a, and cis-b congurations. 2a,b Complexes with the cis-a and cis-b conguration feature a stereogenic metal center and a pair of cis-oriented vacant sites for binding the incoming substrate in a h 2 fashion. Evans and co-workers reported a chiral cis-b Al III -salen complex as an effective catalyst for enantioselective aldol reactions of aldehydes and 5-alkoxyoxazoles. 3 Yamamoto and co-workers developed a cis-b Al III catalyst with a tethered bis (8quinolinolato) (N 2 O 2 ) ligand for various highly enantioselective organic transformations. 4 Chiral Fe II complexes supported by tetradentate N 4 ligands have been shown to exhibit remarkable catalytic activities in asymmetric hydrocarbon oxidations. 5 In a recent study, we showed that the chiral Fe(N 4 ) complexes with bis(quinolyl)diamine ligands can efficiently catalyze highly enantioselective cis-dihydroxylation of alkenes with H 2 O 2 (up to 99.8% ee). 6 These Fe II complexes possess metal-and ligand-centered chirality with a rigid quinolinebased ligand scaffold and therefore a robust chiral pocket, which is in close proximity to the iron center, for discriminative activation/binding of the incoming reagent/substrate and subsequent reactions. We envision that the chiral pocket together with the Lewis acidity of the Fe II /Fe III ion would make chiral Fe(N 4 ) complexes potent chiral Lewis acid catalysts. 7, 8 Chiral indoles are ubiquitous structural motifs in bioactive natural products and pharmaceuticals. 9 Over the past few decades, numerous efforts have been dedicated to developing catalytic asymmetric reactions for the synthesis of these compounds. 10 As the C3 position of indoles is more reactive than the C2 and N1 positions, many elegant methodologies have been reported for the construction of chiral C3-alkylated indoles. 11 In contrast, enantioselective alkylations at the C2 and N1 positions of indoles are limited. For asymmetric C2 alkylation of indoles, the literature examples were realized through the Pictet-Spengler reaction, 12 alkylation/oxidation of 4,7-dihydroindoles, 11c,13 Michael addition 14,15 and other methods. 16 So far, examples of highly enantioselective N1 alkylation of indoles have been sparse. 17 In view of the prevalence of chiral indoles in pharmaceuticals and the stringent constraint on trace noble metal levels in the pharmaceutical industry, the development of catalysts based on earthabundant, biocompatible iron metal is appealing. Herein is described highly regio-and enantioselective C3, C2 and N1 alkylation of indoles, as well as alkylation of pyrroles and anilines, with a,b-unsaturated 2-acyl imidazoles catalyzed by chiral cis-iron(II) complexes supported by tetradentate bis(quinolyl)diamine ligands.
Results and discussion
Synthesis and characterization of the catalyst Following a previously reported method for the synthesis of complexes 1a, 6,18a 1b and 1c, 6 chiral Fe(II) complexes 1a-1f were synthesized, by the reaction of Fe II (OTf) 2 $(CH 3 CN) 2 with a series of chiral bis(quinolyl)diamine N 4 ligands 2a-2f, in 80-95% yields (Scheme 1). The new complexes 1d-1f were characterized by ESI-MS, elemental analysis and circular dichroism spectroscopy (ESI †). The structures of 1e and 1f, featuring fused cyclopentane and cyclohexane rings on the quinoline moiety, respectively, were determined by X-ray crystallography, revealing a cis-a conguration for 1f, similar to that for 1b$(H 2 O) 2 , 6 but, unexpectedly, a cis-b conguration for 1e. As shown in Fig. 1, 1e adopts a cis-b-D coordination geometry, where the Fe-N distances of 2.163(2)-2.242(2)Å are comparable to those of cis-b-[Fe II (BQCN)(OTf) 2 ] (BQCN ¼ 2a in Scheme 1) reported by Nam and co-workers (Fe-N 2.125(2)-2.224(2)Å). 18b In contrast, 1f adopts a cis-a-D conguration (Fig. 1) ; its Fe-N distances of 2.220(6)-2.292 (5) Å are comparable to those of 1b$(H 2 O) 2 (cis-a-L; Fe-N 2.195(5)-2.261(5)Å), 6 while considerably longer than those of cis-a-[Fe II (BQCN)(CH 3 CN) 2 ](ClO 4 ) 2 (Fe-N 2.112(3)-2.192(3)Å), 18b attributed to the steric repulsion between the quinolyl substituents and the cis-coordinated ligands. Notably, the two methyl groups on the cyclohexane-1,2diamine nitrogen atoms are oriented syn to each other in 1e but anti to each other in 1b and 1f. Consistent with the relatively long Fe-N distances, both 1e (m eff ¼ 4.92 m B ) and 1f (m eff ¼ 5.44 m B ) are high-spin with S ¼ 2 as determined by the Evans method. These complexes are congurationally stable; no change in the circular dichroism (CD) signal was observed upon standing an acetonitrile solution of 1e or 1f at room temperature for up to 4 days ( Fig. S1 , ESI †). The 1 H NMR spectrum of 1e in CD 3 CN at room temperature showed no signicant change aer the solution was le standing for 8 days (Fig. S2 , ESI †).
Catalyst screening
At the outset, the catalytic activity of Fe(II) complexes 1a-1f was examined for C3 alkylation of N-methylindole 3a with a,b- unsaturated 2-acyl imidazole 4a in the presence of molecular sieves (MS) and under argon (under air and/or without MS, the reaction time increased and enantioselectivity reduced, cf. entries 1-3 in Table 1 ). Complex [Fe II (6-Me 2 -BPMCN)(OTf) 2 ], 5a bearing a bis(pyridylmethyl)diamine N 4 ligand, was also tested; this complex did not catalyze the alkylation reaction under similar conditions. Revealingly, the reaction of 3a and 4a in the presence of 5 mol% Fe(II) catalysts 1a-1f in CH 2 Cl 2 at 5 C for 10-15 h (entries 4-9, Table 1 ) afforded the alkylation product 5a in high yields (87-99%) and with moderate-to-good enantioselectivity (57-85% ee). Complex 1e was found to exhibit the highest catalytic activity and enantioselectivity (entry 8). With 1e as the catalyst, lowering the reaction temperature to À15 C improved the enantioselectivity to 90% (entry 10). A screening of solvents at this temperature (entries 10-13) revealed that CH 3 CN gave the highest enantioselectivity of 95% ee. Further lowering the reaction temperature to À25 C afforded 5a in 91% yield and 97.5% ee (entry 14).
Reaction/substrate scope
Under the optimized conditions, we examined the substrate scope of the Fe(II)-catalyzed C3 alkylation of various indoles with a,b-unsaturated 2-acyl imidazoles. As shown in Table 2 , in the presence of 5 mol% of 1e, a series of substituted indoles reacted with a,b-unsaturated 2-acyl imidazole 4a and the desired alkylation products 5b-5i were obtained in high yields (87-98%) and with excellent enantioselectivities (95-99% ee). No C2 alkylation product was observed. The sterically hindered 1,2dimethylindole 3i could also undergo C3 alkylation, giving 5i in 98% yield and 95% ee. The absolute conguration at the stereogenic carbon center of 5i was determined to be R by X-ray crystallography (Fig. 2) . The C3 alkylation of N-methyl-5bromoindole proceeded smoothly at À25 C to give 5f in 90% yield and 95% ee. However, the presence of the more electronwithdrawing substituent, Cl, on the 5-position of indole was found to deactivate the reaction. This issue was addressed by increasing the temperature to 0 C, which led to alkylation product 5g in 87% yield and 95% ee. The scope of a,b-unsaturated 2-acyl imidazoles was also examined. As shown in Table 2 , various a,b-unsaturated 2-acyl imidazoles are reactive for the C3 alkylation of indoles to give the corresponding products 5j-5m in high yields (87-97%) and enantioselectivities (91-96% ee). Neither bnor N-substitution of a,b-unsaturated 2-acyl imidazoles was found to have signicant impact on the product enantioselectivity. We next investigated the C2 alkylation of 3-substituted indoles. The reaction of 3-methylindole and a,b-unsaturated 2acyl imidazole 4a with 5 mol% of 1e in CH 2 Cl 2 at room temperature led to the corresponding C2-alkylated product 6a in 83% yield and 87% ee along with the N1 alkylation product 7a 0 (6a/7a 0 ¼ 85 : 15, Table S2 , ESI †). CH 3 CN as solvent was found to disfavor the C2 alkylation reaction (Table S2 , ESI †). Decreasing the reaction temperature to À40 C further improved the enantioselectivity to 96% ee, although with an extended reaction time of 60 h. Under the optimized conditions, a variety of 3-substituted indoles reacted with a,b-unsaturated 2-acyl imidazoles to give the C2 alkylation products in 76-96% yields and $72-98% ee ( Table  3 ). It is noteworthy that the reaction of 3,7-dimethylindole with 4b bearing a bulkier N-substituent afforded 6j in 94% yield and 96.5% ee, without detectable N1 alkylation product. This is attributed to the presence of the 7-methyl substitution which makes N1 alkylation sterically unfavorable. When b-ester substituted a,b-unsaturated 2-acyl imidazole was used as the alkylating agent, in which both the a and b carbons are electrophilic, the nucleophilic addition of indoles took place at the b position (6f-6h). X-ray crystallography of 6j revealed an R conguration at the stereogenic carbon center (Fig. 2) , which is the same as that of 5i.
For the reaction of 3-methylindole with a,b-unsaturated 2acyl imidazoles, the N1 alkylation product was obtained in Table 2 Asymmetric C3 alkylation of substituted $10% yield, implying a competition between C2 and N1 positions as nucleophiles on the olenic electrophile. We envisioned that the alkylation of indoles at the nitrogen atom would be favored by increasing the bulkiness of the C3 substituent. To validate this hypothesis, we examined the reaction of 3-ethylindole with a,b-unsaturated 2-acyl imidazole 4b catalyzed by complex 1e at À40 C. Gratifyingly, the reaction afforded the N1 alkylation product in 83% yield and 95.5% ee (Table 3, 7a) . The C2 alkylation product in this case was obtained in less than 10% yield. As shown in Table 3 , a range of 3-substituted indoles are reactive for the N1 alkylation, giving the desired products in good yields (65-93%) and with high enantioselectivity (74.5-95.5% ee). It was found that the electron-donating substituent on the indole makes N1 alkylation more favorable. For example, the reaction of 5-methoxy-3-methylindole with 4b gave the N1 alkylation product in 93% yield and 95.5% ee ( Table 3 , 7e). This is in contrast to the dominating C2 alkylation in the reaction of 3-methylindole and 4b (Table 3 , 6b), suggesting that the electronic effect, in addition to the steric effect, of the substituent on the indoles also plays a signicant role in directing the regioselectivity. The substituents of a,b-unsaturated 2-acyl imidazoles were also found to have a signicant impact on the regioselectivity of the Fe(II)-catalyzed reaction. For example, when b-ester substituted a,b-unsaturated 2-acyl imidazole was used as the substrate, C2 alkylation is favored over N1 alkylation irrespective of the choice of indoles (compare 7b vs. 6g and 7e vs. 6h, Table 3 ), suggesting that the electronic effect of the bester group of a,b-unsaturated 2-acyl imidazoles outweighs the electronic and steric effects of substituents on the indoles on determining the regioselectivity. Sterically hindered 2,3-dimethylindole is also reactive for the N1 alkylation at À20 C to give 7i in 86% yield and 76% ee.
The Fe(II)-catalyzed asymmetric addition reaction is also applicable to the alkylation of pyrroles. 11a,c,e,i,19 The reaction of N-phenyl pyrrole with a,b-unsaturated 2-acyl imidazole 4a and 5 mol% of 1e in CH 3 CN at À25 C gave the C2 alkylation product 9a (Table 4 ) in 89% yield and 93% ee. The ee value reached 99% (9b) when a bulkier N-substituent is present on the a,b-unsaturated 2-acyl imidazole 4b. In both cases, the C3 alkylation product was not detected; this is consistent with the C2 position of pyrroles being more nucleophilic than the C3 one. The C3 alkylation of pyrroles was achieved with 2,5-substituted pyrroles, which led to the formation of the C3-alkylated products (9c-9f) in high yields (87-94%) and with excellent enantioselectivity (94-99% ee).
Alkylation of electron-rich arenes such as anilines with a,bunsaturated 2-acyl imidazoles 11c,l could also be achieved using the Fe(II) complex 1e as the catalyst. The 1e-catalyzed alkylation reaction of 10 with 4 gave para-alkylated 11a-11g in 87-95% Table 3 Asymmetric C2/N1 alkylation of 3-substituted indoles 3 with a,b-unsaturated 2-acyl imidazoles 4 catalyzed by 1e a a Reactions conditions: 3 (0.45 mmol), 4 (0.3 mmol), 1e (5 mol%), 4Å MS (100 mg), CH 2 Cl 2 (3 mL), under argon, À40 C; yield of the isolated product; ee's determined by chiral-phase HPLC. b Catalyzed by 1b. c At 0 C. d At À20 C. Table 4 Enantioselective alkylation of pyrroles 8 with a,b-unsaturated 2-acyl imidazoles 4 catalyzed by 1e a yields and 76-97% ee ( Table 5 ). When 3-methoxy-N,N-dimethylaniline was used as the substrate, in which two strongly electron-donating groups are present, the reaction proceeded in high regioselectivity giving 11h in 95% yield and 87% ee ( Table  5 ).
Synthetic applications
The indolyl 2-acyl imidazoles obtained in this work could be readily converted to a range of indole compounds 11a,c which are of interest in medicinal chemistry. For example, methylation of the imidazole moiety of N1 alkylation product 7e with iodomethane in DMF, followed by hydrolysis with water and DBU, gave the indolyl carboxylic acid 12 in 81% yield (Scheme 2), the analogues of which have been reported to be potent inhibitors of integrin a v b 3 . 20 In a similar fashion, the ester and amide derivatives 13 and 14 were obtained in 95% and 88% yield, respectively (Scheme 2). The amide 14 can be reduced to an analogue of 3-(1H-indol-1-yl)-3-arylpropan-1-amine; 21 the latter was reported to display inhibition to norepinephrine and serotonin reuptake. 22 The pyrrolo[1,2-a]indole scaffold is a basic structure of many bioactive natural products. 23 Methylation and subsequent intramolecular acylation of the C2 alkylation product 6b afforded pyrrolo[1,2-a]indole 15 in 75% yield (Scheme 2). Notably, these organic transformations are accompanied by retention of ee values, indicating preservation of the stereogenic carbon centers.
Mechanistic studies
A proposed reaction mechanism for the 1e-catalyzed alkylation of indoles is presented in Scheme 3. Binding of a,b-unsaturated 2-acyl imidazoles (e.g. 4b) via the imidazolyl nitrogen and carbonyl oxygen atoms to the chiral Fe(II) center generates an intermediate denoted as 1e-(N^O). The Fe(II) catalyst acts as a Lewis acid to activate the C]C bond for nucleophilic attack by indoles (e.g. 3a) to give the addition product (e.g. 5j) . The enantioselectivity is governed by the chiral pocket environment around the Fe(II) center which shields the Si face from indolyl nucleophile attack.
To gain support for the proposed reaction mechanism, the binding between 1e and 4b was examined by high-resolution ESI-MS. Treatment of an acetonitrile solution of 1e with 2 equiv. of 4b resulted in a predominant ion peak at m/z 379.1707 (Fig. 3) , where the isotopic distribution pattern (Fig. S3, ESI †) and collision-induced dissociation analysis (Fig. S4 , ESI †) are well consistent with the proposed formulation of 1e-(N^O).
DFT calculations were performed to examine the reaction details of 1e-catalyzed C3 alkylation of N-methylindole (3a) with a,b-unsaturated 2-acyl imidazole 4b and to elucidate the origin of the enantioselectivity (Scheme 4). Since the two cis-oriented coordination sites of 1e are chemically inequivalent, there are two possible binding interactions between 1e and 4b (IntA 1 and Table 5 Enantioselective alkylation of N,N-disubstituted anilines 10 with a,b-unsaturated 2-acyl imidazoles 4 catalyzed by 1e a IntB 1 ). Both binding modes were calculated to form stable intermediates with a decrease in free energy by more than 10 kcal mol À1 as a result of replacement of two coordinated solvent molecules (acetonitrile) by imidazole 4b as a bidentate ligand. In addition, IntB 1 is 3.8 kcal mol À1 more stable than IntA 1 . Accordingly, there are four possible transition states (TSA 2R , TSA 2S , TSB 2R and TSB 2S ) regarding the two approach directions of 3a to the C]C bond of the 1e-(N^O) intermediate (Scheme 4). Among the four transition states, TSA 2R was found to have the lowest transition barrier with a free energy of 17.3 kcal mol À1 (TSA 2S : 21.4 kcal mol À1 ; TSB 2R : 23.4 kcal mol À1 ; TSB 2S : 23.1 kcal mol À1 ). There is p-p stacking interaction between the quinoline ring of 1e and the indole ring of 3a in TSA 2R (Fig. S5, ESI †) with a distance of about 3.4Å, which possibly accounts for the lower energy barrier. Accordingly, the indole ring resides closer to the quinoline ring in TSA 2R and the additional p-p interaction leads to the comparatively restrained position of the indole, and thus its C 1 -C 3 bond (2.08 A) is slightly longer than those in the other three transition states (2.03 or 2.04Å). The R-enantiomer of the C3 alkylation product is mainly obtained via TSA 2R , which is consistent with the conguration observed experimentally in the isolated products (e.g. 5i, Table 2 ). The free energy differences between the four transition states (TSA/B 2R/S ) lead to a calculated ee of 96.3% at À25 C, which is in excellent agreement with the experimental result of 96% ee. The subsequent steps proceed feasibly with much lower energy barriers or great energy release. When the C 1 -C 3 bond is formed (IntA 3R , IntA 3S , IntB 3R and IntB 3S ), the most stable intermediate is IntA 3S , which probably stems from its strong hydrogen bond between H 1 and O (1.87 A), compared with other intermediates (2. 16, 2.22, and 2.59Å for IntA 3R , IntB 3R and IntB 3S , respectively). Aer forming the C 1 -C 3 bond, intramolecular proton transfer takes place from C 3 to O by forming a six-membered ring (TSA 4R , TSA 4S , TSB 4R and TSB 4S ). In these transition states, the Fe-O bonds are weakened (from 2.01-2.04 in IntA/B 3R/S to 2.08-2.17Å in TSA/B 4R/S ) in association with the shortening of the C 1 -C 3 bond (from 1.58-1.61Å in IntA/B 3R/S to 1.54Å in TSA/B 4R/S ). Both TSA 4R and TSA 4S hold the p-p stacking between the quinoline and indole, which could stabilize TSA 4R and TSA 4S and therefore lead to the free energy difference between TSA 4R/S and TSB 4R/S . Aer proton transfer, four possible enol intermediates are generated (IntA 5R , IntA 5S , IntB 5R and IntB 5S ) with signicant energy release (5.8-16 .0 kcal mol À1 ). Comparatively, the lower free energy of IntB 5R and IntB 5S possibly results from their stronger Fe-N 1 coordination than those in IntA 5R and IntA 5S . The subsequent exothermic tautomerization leads to the nal alkylation product coordinated to the catalyst (IntA 6R , IntA 6S , IntB 6R and IntB 6S ), which would possibly result in some extent of product inhibition of the catalyst. Indeed, time-course studies revealed that addition of 25 mol% of product 5j to the initial reaction mixture of the 1e-catalyzed reaction of 3a and 4b appreciably lowered the product yield (Fig. S6, ESI †) .
General remarks
The Fe(II) catalysis reported herein is reminiscent of an Ir(III) system developed by Meggers and co-workers for the same type of reaction, 1a where the "chiral-at-metal" property of the catalyst is responsible for the excellent enantioselectivity as the reaction occurs in close proximity to the metal bearing "intense" chiral information. These Ir(III) catalytic systems composed of achiral ligands are very potent in effecting a wide range of enantioselective reactions and could be accessed in relatively facile pathways. 1b However, it should be noted that such systems rely heavily on specic heavy metal ions, i.e. Ir(III) and Rh(III), and/or specic ligand sets, i.e., cyclometalating ligands, to maintain a high coordination stability to prevent catalyst racemization. These features are generally not compatible with the development of base metal catalysts, e.g. Fe complexes, when it comes to harnessing their non-toxicity and earth-abundance for chemical synthesis. In this regard, we demonstrate here, along with other reported examples, 2,3 that efficient "chiral-at-metal" catalysis could be achieved with base metals through rational ligand design, e.g. using chiral tetradentate N 4 ligands, installing rigidity, and ne-tuning the sterics on the ligand fragments.
In recent years, chiral Fe(N 4 ) complexes have been extensively studied in oxidative organic catalysis such as asymmetric alkene epoxidation, 5c-g asymmetric alkene cis-dihydroxylation 5a,b,6 and asymmetric C-H hydroxylation. 5h The class of [Fe II (N 4 )(OTf) 2 ] complexes presented in this work, as well as those in the literature, 5, 6 features some of the fundamental dening properties of an appealing chiral transition-metal asymmetric catalyst, including (1) ease of preparation and modication, (2) congurationally stable chirality, (3) possession of labile coordination sites for reagent/substrate activation, and (4) high sustainability. The chiral, linear N 4 ligands could be prepared on the multigram scale with good yields from commercially available optically active diamine backbones. The steric and electronic properties of the pyridyl/quinolyl donors are highly exible for manipulation, as have been demonstrated by us 6 and by Upon coordination to Fe(II) ions, under mild conditions, the N 4 ligands form stable cis-a or cis-b chelates depending on the ligand structure. These complexes possess metal-centered chirality without further needs of chiral resolution or purication. Thanks to the large barrier possibly resulting from the different orientations of the N-methyl groups in the cis-a and cis-b isomers, these chelates do attractive. 24 In our continuing efforts to develop synthetically useful catalysis mediated by chiral Fe(N 4 ) complexes, we were interested to examine their potential as Lewis acid catalysts which has not been documented to the best of our knowledge.
As there are many organic reactions of synthetic interest that can be catalyzed by Lewis acids, the development of effective chiral Lewis acid catalysts for asymmetric organic transformations has been receiving considerable interest in organic chemistry. The N 4 ligands employed in this work are quinolylamines. Due to the conjugation with the quinoline moiety, the amino group of bis(quinolyl)diamines is a less effective donor to the metal ion than that of bis(pyridylmethyl)diamine ligands, thereby making the corresponding Fe(II) complexes more Lewis acidic and capable of catalyzing a wide range of addition reactions, even at low temperature. In addition, due to the lack of a methylene moiety, tetradentate quinolylamine ligands have a more rigid scaffold than pyridylmethylamine analogues, which would provide a robust chiral pocket around the reaction center for reactions.
In the literature, reports on asymmetric C3 addition of indoles to a,b-unsaturated 2-acyl imidazoles are conned to the use of the Sc(III) complex, 11a Cu(II)-DNA/protein adducts, 11e,l and Ir(III) complex 1a as Lewis acid catalysts. In this work, we report for the rst time that chiral Fe II (N 4 ) complexes could catalyze similar reactions.
Due to the inherently low nucleophilicity of the nitrogen atom, asymmetric N1 alkylation of indoles with a,b-unsaturated 2-acyl imidazoles remains a formidable challenge. There are only a few examples of highly enantioselective N1 alkylation of indoles reported in the literature, including intramolecular aza-Michael additions, 17b,e cinchona alkaloid-catalyzed reaction with Morita-Baylis-Hillman carbonates, 17c Pd(II) and Ir(I)-catalyzed N-allylations 17d,f,i and Ir(I)-catalyzed allylation/oxidation of indolines. 17h Our present method provides an alternative access to N-alkyl indoles in good yields and high enantiomeric excess via Fe(II)-catalyzed intermolecular alkylation which is unprecedented in the literature. To the best of our knowledge, 1e also represents the rst example of a single chiral catalyst capable of effecting intermolecular alkylation of various indoles at the C3, C2 and N1 positions, respectively, with high enantio-and regioselectivities.
DFT calculations provide some insight into the origin of high enantioselectivities in the 1e-catalyzed reactions. The two possible binding interactions between 1e and a,b-unsaturated 2-acyl imidazole 4b, in addition to the two possible approach faces (Si or Re) of indole 3a to the 1e-(N^O) adduct, generate four possible reaction pathways. In all the four pathways, nucleophilic attack of 3a on 1e-(N^O) was found to have the largest barrier (17.3-23.4 kcal mol À1 ) and logically this is the enantioselectivity-determining step. Among them, TSA 2R was computed to have the lowest transition barrier (17.3 kcal mol À1 ), being 4.1 kcal mol À1 lower than that of the second-lowest TSA 2S ; the calculated ee at À25 C derived from this energy difference is in excellent agreement with the experimental value. In the DFT-optimized structure of TSA 2R , interestingly, there is substantial p-p stacking between the quinoline moiety of 1e and indole 3a. This suggests that the enantioselectivity is not only determined by how well the steric environment around the cis-b Fe(II) center can guide/shield the approach of indoles, but also assisted by secondary p-p interaction provided by the quinolyl ligand. The DFT-calculation ndings are insightful for the rational design of future generation of Fe II (N 4 ) Lewis acid catalysts with more effective chiral pockets for the enantio-differentiation of aromatic substrates.
Conclusions
In summary, we have developed C3, C2 and N1 alkylations of indoles catalyzed by a chiral cis-b Fe(II) complex supported by a (R,R)-tetradentate bis(quinolyl)diamine ligand. A range of indoles reacted with various a,b-unsaturated 2-acyl imidazoles to give diverse chiral indoles in high yields with high enantioand regioselectivity. The catalysis is also applicable to the alkylation of pyrroles and anilines. The thus obtained products can be converted to a variety of chiral indole derivatives with potential synthetic and biological values. The stable conguration of the iron(II) complex and a secondary p-p interaction in the transition state are suggested to be the origin of the high enantioselectivity. Our results suggest that chiral Fe II (N 4 ) complexes are potentially a new and efficient class of Lewis acid catalysts.
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